Mango fruit is cherished by masses for its taste and nutrition, contributed by color, flavor and aroma. Among these, peel color is an important trait contributing to fruit quality and market value. We attempted to elucidate the role of key genes of anthocyanin biosynthesis pathway related to fruit peel color from the leaf transcriptome of cv. Amrapali.
D r a f t
Molecular analysis of anthocyanin biosynthesis pathway genes and their differential expression in mango peel
. Being acclaimed as King of fruits, it is well-known for its taste, flavor, aroma and nutritive value. Moreover, extensive natural selections over years has evolved genetic variability in fruit size, shape, color, flavor, seed size and pulp related traits. Many mango varieties retain green peel color even at fully ripened stage, while some acquire red peel. Red coloration in flowers, fruits, and other plant tissues is associated with anthocyanin (red pigments), which has multifarious roles such as conferring plant disease resistance and protection against UV-radiation (Bieza and Lois 2001; Sivankalyani et al. 2016) .).Anthocyanins also provide human health care benefits against cancer, cardiovascular and other chronic diseases (Rao and Rao 2007; Butelli et al. 2008; Singh et al. 2008 ).
Attractive mango peel color is considered one of the most important factors for export markets (Nambi et al. 2016; Sivankalyani et al. 2017) . The most predominant anthocyanins identified in mango are cyanidin-3-glucosides and 7-methylcyanidin-3-galactosides (Berardini et al. 2005) . Accumulation of pigments, their concentration and the intensity determines the overall appearance of color in the epicarp portion of fruits and flowers in mango (Martin et al. 2017; Pervaiz et al. 2017) . Besides pigments, metabolites like mangiferin, flavonoids and polyphenols are reported in mango peel (Nordey et al. 2014 ).
Recent developments in NGS technologies, has facilitated mining RNA seq data for identifying gene families regulating metabolic pathways which governs phenotypic expression of specific traits. Transcriptome and proteome analysis by Wu et al. (2014) and Dautt-Castro et al. (2015) , helped in identification of ripening related genes from mango fruit mesocarp of cv. Zill and Kent, respectively. Similarly, Luria et al. (2014) utilized transcriptome analysis to identify disease resistance genes associated with post harvest hot D r a f t water treatment in mango cv. Shelly. Even though genes associated with the physiology and biochemistry of fruit biology related traits have been studied extensively related to post harvest treatments and fruit ripening (Hoang et al. 2015; Pandit et al. 2010) , no systematic study on peel color genes is existing. The anthocyanin biosynthetic pathway ( Fig. 1) beginning with the precursor phenylalanine results in anthocyanin accumulation via a series of steps involving specific enzymes (Dixon and Steele, 1999) . Utilizing this information, the present study was carried out exploring transcriptome data for elucidating the molecular genetic basis of peel coloration in mango in different genetic backgrounds.
Materials and methods

Genetic materials
Whole genome leaf transcriptome profiling through RNA sequencing was performed from mango variety ‛Amrapali' (Mangifera indica L.) collected from the mango orchard at (Fig. 2) .
Estimation of anthocyanin content in mango peel
One gram of fruit pericarp was extracted in 50ml of ethanol containing 1%HCL, as per standard protocol (Ranganna, 1997).Absorbance was measured at 535 nm using Chemito Spectrophotometer UV2100. Results were expressed as mg of total anthocyanin content per 100 g fresh weight.
Leaf transcriptome
Total RNA was isolated from Amrapali young leaves through Spectrum™ Plant Total RNA Kit (Sigma USA) and quality of total RNA was confirmed by agarose gel and quantified using spectrophotometer, QIAxpert (Qiagen Germany). Total RNA (4 µg) was D r a f t subjected to library preparation using Illumina® TruSeq® RNA Sample Preparation V2 kit as per protocol. The mRNA was enriched and fragmented enzymatically and used for first and second strand cDNA conversion, followed by end repair, A-tailing and adapter ligation, and finally by index PCR amplification of adaptor-ligated library. Library quantification and quality analysis was performed using HT DNA High Sensitivity Assay Kit.
cDNA libraries were sequenced using an Illumina NextSeq 500/MiSeq platform using 2 x 150 PE chemistry. These reads were subjected to quality filtration at QV 20 (mean quality score >=20), adapter trimming using Trimmomatic version v0.30 and high quality reads were assembled using CLC genomics workbench v6.0). These final assembled contigs were annotated using CANoPI (Contig Annotator Pipeline) for de novo transcriptome assembly. These transcripts were annotated using BLASTX program v2.2.24 to identify the probable genes based on e-value ≤ 1e-5 and similarity score ≥ 40%, used for Uniprot protein annotation and gene ontology classification into classes of molecular function, biological process and cellular component categories. The completely annotated transcriptome sequence data was deposited in the NCBI database under SRP070908 (Bioproject PRJNA313340).
Computational analysis for alternate splice site based structural predictions, transcript variants and protein localization
The contigs identified in the leaf transcriptome were examined for mining the genes involved in anthocyanin biosynthetic pathway (Table S1 ). ).
Expression profiling of genes involved in anthocyanin biosynthetic pathway through
Real-time (qRT-PCR) analysis
RNA from the fruit peel samples of four varieties viz., Amrapali, Ambika, Arunika and Tommy Atkins were isolated through protocol 2 of Spectrum™ Plant Total RNA Kit (Sigma USA) involving DNase step. Total RNA (3 µg template) was converted into first strand cDNA using Maxima First Strand cDNA Synthesis Kit (Thermo Scientific USA).
Primers for the selected genes were designed using NCBI Primer designing tool (Table S2) .
Real Time (qRT-PCR) assay was performed using the peel first strand cDNA samples of four mango varieties as template (10 ng),with standard conditions of forward primer (0.5 µM), reverse primer (0.5 µM) and SYBR Green mix (6 µl) and running conditions of pre PCR at 60 ºC for 30s, holding at 95ºC for 10 min and cycling at 95ºC for 15s followed by 60 ºC for 1 min in the real time instrument (ABI Fast 7500, NY, USA (-∆∆Ct) .
Results and Discussion
Whole genome leaf transcriptome profiling in mango variety Amrapali
Mango genome size is about 439 Mbp and till date its draft genome sequence only has been reported (Singh et al. 2016) . (Table 2 ). Phylogenetic analysis of these identified genes further confirmed the families of these structural genes ( Fig.   3 ). Among these enzymes, PAL is the initial enzyme of the pathway mediating carbon flux into the phenylpropanoid pathway to produce cinnamic acid, the substrate for the next step mediated by C4'H. In this study, a partial MiPAL gene sequence of 369 bp showed 94% identity at nucleotide level and 98% at amino acid level with Rhus chinensis. Earlier reports have also shown that the full length MiPAL encodes a protein of 707 amino acids with maximum 92 and 87% identity with Rhus and Populus PAL, respectively (Hoang et al. 2015 flavonoids (Shimada et al. 2003; Ralston et al. 2005) . Type III CHIs are fatty acid binding proteins (FAPs) and widely distributed in land plants and green algae (Ngaki et al. 2012 ).
Type IV CHIs are known as CHI-like proteins (CHILs) which are only found in land plants (Ralston et al. 2005; Ngaki et al. 2012) . Interestingly, MiCHI4 (CDS1818) and MiCHI5
(CDS1784) matching with Citrus clementina CHI (ESR49159) could not be mapped to the genomic regions because of large introns. Instead, the next closest genomic sequence of Vitis vinifera CHI (GSVIVG01032685001) was able to predict that maximum sequence identity and alternate splice variants at the signal peptide regions (N-terminal) which targeted the two proteins to mitochondria and cytoplasm, respectively (Fig. 4, C) . MiCHI6/FAP matched with
Arabidopsis thaliana FAP (AT1G53520). All these transcript splice variants were grouped into separate subgroups in the phylogenetic analysis ( Fig. 4, A; Fig. S2 ). The present study could identify two distinct classes of CHI, i.e., Type I and Type III. Cluster analysis at cDNA and protein level also grouped 6 MiCHI transcripts into three distinct classes.
Flavonoid 3'-hydroxylase (F3'H) and flavonoid 3',5'-hydroxylase (F3'5'H), further downstream enzymes control the hydroxylation at the 3' or the 3' and 5'position in the B ring of flavonoids, respectively (Wang et al. 2014; Zhou et al. 2016) . They belong to cytochrome P450 superfamily with subfamilies of CYP75B and CYP75A (Seitz et al. 2007 ) are well characterized in several plants Antirrhinum majus, Dianthus caryophyllus and Vinca major (Bogs et al. 2006; Mori et al. 2004) . MiF3H (Fig. S4) and MiDFR also were grouped into separate groups as per sequence homology and function (Fig. 3) . In subcellular protein localization predictions, most of the proteins pertained to -cytoplasmic location while few were identified for their sorted location in endoplasmic reticulum/secretory protein (MiPAL, , 2000) and periplasm through secretory pathway (Hooper et al. 2016; Yang et al. 2016) .
Variability of the varieties for peel color and anthocyanin content
The (newly developed Indian hybrid that is purple green at maturity and turns bright red on ripening), Arunika (hybrid variety from India with attractive red fruit color) (Fig.2, A) .
Anthocyanin profiling of the peel from these 4 varieties revealed that anthocyanin content was higher in the the colored varieties with maximum recorded in Arunika, followed by Ambika and Tommy Atkins while green colored Amrapali recorded the minimum (Fig.2,B ). 
Expression profiling of anthocyanin biosynthetic genes and elucidation of their role in peel coloration
Even though, red peel is desirable attribute, the mechanisms of its pigmentation and distribution pattern along with its physiological functions are poorly understood in mango.
Therefore, expression profiling involving 1 green (Amrapali) and 3 red (Tommy Atkins, Ambika and Arunika) mango varieties to elucidate the mechanism of peel coloration was D r a f t performed using Real time PCR primers for all the transcript variants/genes related to the anthocynanin biosynthetic pathway. Recent studies by Hoang et al. (2015) have also demonstrated that phenylpropanoid flavonoid (PF) pathway genes are critical for extent of peel color variation and are greatly influenced by the genetic diversity of downstream genes of the pathway as well as their expression levels.
In the present study, overall trend in the gene expression profiling indicated that the most of the genes of anthocyanin biosynthetic pathways were up-regulated in higher folds in the colored mango varieties and to the highest extent in Arunika, followed by Ambika and Tommy Atkins ( EST library (Hoang et al. 2015) . Previous studies have indicated that CHS is up-regulated by light (Feng et al. 2010) , low temperature (Crifo et al. 2011; Piero et al. 2005) , and UV-B (Ubi et al. 2006) . Thus, the CHS in fruit tree crops seems to be environmentally influenced and D r a f t under different transcriptional controls. Such regulation is also evident from our study in mango. Transcript abundance of CHI was reported to be higher in red apple cultivars Fuji and Jonathan than yellow cv. Orin (Honda et al. 2002) .
Five alternate splice variants of MiCHI showed differential expression patterns.
Among these, three variants i.e., MiCHI 1, 3, and 5 exhibited higher fold expression levels in Arunika demonstrating its rate-determining role in the production of flavonols similar to red color peel reported in tomato (Bovy et al. 2002) . 
